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Mechanism  of  Aquotixation  of  Car  bona  to  Complex 
Ions 

By  Fkanz  A.  Posby  and  Hiniv  Taum 
Rbcbivbd  Febxuaxy  20,  1953 

Stranks  and  Harria1  have  reported  that  there  is 
no  carbon  isotope  discrimination  in  the  reaction 

Co(NH,).C<V  + H.O  + 2H+  - 

CofNH.MHtO),***  + CO,  (1) 

In  an  oxygen  tracer  study  on  a related  reaction 
CoCNH,),CO,+  + 2H+  - Co(NH,),H,0  +++  + CO,  (2) 
Hunt,  Rutenberg  and  Taube1  showed  that  in  re- 
lease of  carbonate,  the  Co-O  bond  is  not  severed, 
but  rather  the  C-0  bond.  Since  reaction  (2) 
is  analogous  to  what  can  reasonably  be  supposed 
to  be  a stage  in  the  net  reaction  (1) 
Co(NH,)4(H,0)CO,+  + 2H+  - 

Co(.NrH,),(H, (»,♦♦♦  + CO,  (3) 

there  is  an  apparent  inconsistency  in  the  two  ob- 
servations which,  while  it  can  be  resolved  by  one 
of  several  assumptions,  forces  none  as  a conclusion. 
We  have  therefore  undertaken  an  oxygen  tracer 
study  of  reaction  (1),  for  comparison  with  the 
results  obtained  in  reaction  (2),  similar  to  that 
conducted  for  this  reaction,  but  have  increased 
the  power  of  the  tracer  results  by  examining  also 
the  isotopic  composition  of  the  carbon  dioxide 
liberated  both  in  reactions  (1)  and  (2).  The 
method  for  isotopic  assay  of  the  water  bound  in  Co- 
(NH,)«(H,0),+++  was  developed  during  the  course 
of  other  research  on  the  ion,  and  will  be  described 
more  fully  when  these  results  are  published. 

Kzp*rim«nUl 

The  lalt  (Co(NH,)4CO,)NO,  V,H,0  was  prepared  accord- 
ing to  the  method  of  Grubitsch.'  The  purity  was  checked 
by  electrolytic  determination  of  the  cobalt  content  (calcu- 
lated, 22.84%;  observed.  22.86%).  The  salt  (Co(NH,),- 
CO,)NO,  H«0  was  part  of  a preparation  used  previously.* 

The  tracer  experiments  with  (Co(NH,)«COi)NO,-VtH,0 
were  performed  by  preparing  a solution  of  this  compound 
in  water  enriched  in  H,0  “ Perchloric  acid  in  water  of 
isotopic  composition  very  near  to  that  in  the  solution  was 
then  added.  During  this  operation,  a rapid  stream  of  nitro- 
gen passed  through  the  solution  to  carry  off  the  carbon  di- 
oxide released.  This  was  stripped  from  the  gas  by  means 
of  a trap  immersed  in  liquid  nitrogen.  The  ion  Co(NH,)r- 
(H,0),*t+  was  precipitated  from  the  solution  with  Co- 
(CN)T,  and  the  salt  (Co(NH,MH^»,)  (CO(CN),)  was  re- 
moved, washed,  dried,  and  finally  heated  «n  vacuo  to  remove 
the  complex-bound  water.  The  isotopic  composition  of  the 
water  was  determined  by  equilibrating  it  with  carbon  diox- 
ide, and  analyzing  the  carbon  dioxide  in  a mass  spectrome- 
ter. The  necessary  blank  determinations  were  conducted 
as  indicated  by  the  procedures  described.  Separate  experi- 
ments were  also  conducted  in  which  the  solid  carbonato 
salts  were  dusted  into  perchloric  acid  in  enriched  water,  and 
the  carbon  dioxide  swept  out  with  nitrogen  as  before. 

All  operations  were  performed  as  rapidly  as  possible  to 
minimize  exchange  of  Co(NH,)«CO,+  and  Co(NH,)«(H,- 
0),+++  with  the  environment.  The  solutions  before  addi- 
tion of  the  acid  were  cooled  to  0*.  and  maintained  there  for 
precipitation  of  Co(NH,WH,0)i(Co(CN),).  In  a typical 
experiment,  1.5  g.  of  salt  was  used  in  30  ml.  of  solution. 

Results 

N represents  the  mole  fraction  of  0“  in  the  species  under 


(1)  D.  R.  Stnak*  sad  O.  W.  Hsrrte,  J.  Pkyi,  Cktm  , H,  90S  (IMS) 

(2)  J.  P.  Host,  A.  C.  Rutrnbwf  sad  H.  Tauba,  Taw  Jooimal,  T4, 
MS  [IMS). 

(t)  H.  OraMtach,  "Aaor|aaiacfc-pr*paratlva  Cbamte,"  Springe, 
Variag.  Vkaaa,  1M0,  p.  441. 


consideration . All  results  were  normalized  to  2.000  X 10"* 
a*  the  mole  fraction  of  0“  in  a sample  of  ordinary  CO,  kept 
as  a standard. 

The  method  erf  isotopic  assay  of  Co(NH,h(HK>), was 
tested  by  precipitating  the  cobalticyanide  from  water  en- 
riched in  0U,  after  leaving  the  aquo  ion  in  contact  under 
conditions  and  for  a time  comparable  to  those  obtaining  in 
the  experiments  with  the  carbonato  ion.  The  result*  were: 
N X 10*  for  inner  sphere  water  of  Co(NH,)^HK>)i'f<f  + pre- 
cipitated from  normal  water  • 2.235;  N X 10*  for  normal 
water  - 1.928;  N X 10*  for  inner  sphere  water  when  pre- 
cipitated from  enriched  solvent  “ 2.348;  N X 10*  for  H,0 
in  enriched  solvent  *■  7.163.  The  results  show  2.3%  ex- 
change of  the  aquo  ion  during  the  operation. 

To  learn  the  exchange  to  be  expected  for  CO,  liberated  by 
acid  under  the  conditions  of  our  experiments,  a solution  of 
Na,CO,  (of  normal  isotopic  composition)  was  added  to  en- 
riched water  containing  acid,  with  the  following  results: 
N X 10*  for  CO,  from  Na^CO,  in  ordinary  water  — 1.996; 
N X 10*  for  CO,  from  Na,CO,  in  enriched  water  “ 2.077; 
N X 10*  for  enriched  water  “ 5.985;  exchange  of  CO,  - 
2.0%. 

To  provide  the  necessary  base  values  for  the  interpreta- 
tion of  the  tracer  experiments,  the  aquotizathm  of  CofNHth- 
CO,*  was  conducted  in  water  of  normal  isotopic  composi- 
tion (N  X 10*  — 1928).  N X 10*  for  CO,  from  aquotlza- 
tion  — 2.009;  N X 10*  for  inner  sphere  water  — 1.986. 

The  results  on  the  aquotization  in  enriched  water  are:  NX 
10*  for  water  in  solution  — 8.263;  N X 10*  for  inner  sphere 
water  - 5.147.  Base  value  (1.985  X 10"*  corrected  for 
exchange  expected  in  this  environment  — 2.129  X 10“*. 
Fraction  of  inner  sphere  water  derived  from  environment 
«■  0.493.  The  carbon  dioxide  collected  in  this  experiment 
was  found  to  have  undergone  5.4%  exchange  with  the  en- 
vironment, somewhat  in  excess  of  that  observed  using  Nar 
CO,-  A third  experiment  proved  this  exchange  not  to  be 
reproducible  (~  8%),  and  the  method  of  adding  the  solid 
was  adopted. 

With  (Co(NHj),COi)N'Oi-l/,H,0,  the  results  were:  N 
X 10*  for  H,0  in  enriched  solvent  — 6.923;  N X 10*  foi 
CO,  released  «■  2.069.  The  value  2.069  compared  with 
2.009  for  the  release  of  CO,  in  normal  water  shows  1 .2%  en- 
richment. 

With  (Co(NH,)»CO,)N01  H,0  the  results  were:  IV  X 10* 
for  CO,  released  from  normal  water  — 1.972;  N X 10*  for 
CO,  released  from  enriched  water  — 2.048;  N X 10*  for 
HjO  in  enriched  solution  ■*  5.665.  In  this  experiment,  the 
carbon  dioxide  underwent  1.5%  exchange  with  the  solvent. 

Discussion 

It  is  necessary  for  the  success  of  an  experiment 
of  this  type  that  the  resulting  aquo  ion  not  ex- 
change rapidly  with  the  solvent.  The  blank 
experiments  with  Co(NH,)4(H,0),+++,  as  well  as 
proving  the  method  of  isotopic  analysis  of  the  bound 
water,  prove  the  formula  of  this  ion  in  water  to  be 
Co(NH,)4(H,0),+++.  and  demonstrate  its  ex- 
change with  the  solvent  to  be  sufficiently  slow  for 
the  present  purposes. 

The  experiments  show  that  the  ion  Co(NH,),- 
(H,0)j+++,  formed  from  Co(NH*)«COi+,  derives 
only  '/,  of  the  oxygen  from  the  solvent,  the  other 
'/*  being  left  by  the  carbonate  when  CO,  is  re- 
moved. The  possibility  that  the  50%  exchange 
appears  equally  distributed  between  the  two  posi- 
tions, ns  an  accidental  value  on  the  way  to  complete 
exchange,  can  be  excluded  by  considering  the  iso- 
topic composition  of  the  liberated  CO,.  Such 
enrichment  could  only  take  place  with  some  form 
of  the  carbonato  ion  (Co(NH*)«(H,0)*+++  does  not 
exchange  sufficiently  rapidly)  and  would  neces- 
sarily result  in  enrichment  of  the  CO,  which  is 
liberated.  The  slight  enrichment  of  the  CO, 
observed  (~1%)  is  attributable  to  exchange  follow- 
ing its  release. 

Stranks  and  Harris  have  suggested  the  mechanism 
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Co(NH,)4CO,+  + H+  + H,0  - 

Co(NH,),H,0  CO.H  * (rapid)  (4) 
Co(NHi)»H«0  CO,H  + f — ► 

Co(NH,)4(Hrf»OH++  + CO,  (8) 

The  stepwise  feature  of  the  mechanism  is  certainly 
reasonable,  and  is  to  some  extent  confirmed  by 
providing  an  explanation  for  our  oxygen  tracer 
results.  Applying  our  observations  to  this  me- 
chanism, it  can  be  concluded  that  the  Co-O  bond 
is  severed  in  step  (4),  otherwise  CO,  would  appear 
at  least  33%  exchanged  with  solvent.  Reaction 
5,  involving  Co(NH,)«H,0*  CCbH++,  then  takes 
place  as  demonstrated  for  the  analogous  ion  Co- 
(NH,)»COiH++,  severing  the  C-O  bond.  The 
fractionation  experiments  of  S tranks  and  Harris, 
obtained  for  the  reaction  in  acid,  find  an  explanation 
if  reaction  (4)  under  these  conditions  is  formulated 
not  as  an  equilibrium,  but  as  a rate  determining 
step;  no  large  carbon  fractionation  can  be  expected 
in  step  (4)  since  the  Co-O  bond  is  severed  there, 
and  none  can  take  place  in  (5),  since  the  ion  is 
completely  decomposed  to  products. 

It  is  interesting  to  note  that  the  major  conclusions 
are  indicated  also  by  the  experiments  on  aquotiza- 
tion  in  ordinary  water,  the  isotopic  composition 
of  the  inner  sphere  water  (1.985  X 10“*)  lying 
fairly  near  the  mean  of  that  of  the  solvent  (1.928 
X 10-')  and  of  the  carbon  dioxide  (2.009  X 10“*). 
The  dependability  of  such  a conclusion  drawn  from 
this  experiment,  however,  is  reduced  not  only 
because  of  the  slight  difference  between  the  extreme 
values,  but  also  because  fractionation  effects  inter- 
fere. These  can  take  place  due  to  discrimination 
by  Co(III)  between  O"  and  Ol*  in  water,  and  in  the 
attached  carbonate.  The  results  show  that  a 
slight  excess  of  O'*  is  left  on  the  Co(III). 

If  it  is  assumed  that  precisely  50%  of  the  H,0 
in  the  inner  sphere  is  derived  from  the  solvent,  the 
isotopic  composition  expected  for  this  water  in  the 


experiment  using  enriched  solvent  is  the  mean  of 
8.263  X 10-»  and  2.009  X 10“*  or  5.136  X 10-'. 
When  this  is  corrected  for  the  exchange  to  be 
expected  for  the  aquo  ion,  the  value  5.208  X 10~' 
is  obtained,  to  be  compared  with  the  experimental 
value  of  5.147  X 10"'.  The  result  may  indicate  a 
slightly  greater  rate  of  reaction  of  HjO"  compared 
to  HtO1*. 

A conclusion  about  mechanism  which  applies 
to  the  results  for  CO»“  attached  as  a chelate,  bound 
at  one  position,  or  not  bound  at  all,  is  that  there 
is  no  transfer  of  oxygen  from  the  solvent  to  C at 
any  stage  on  the  release  of  CO,.  Thus  it  seems 
likely  that  the  activated  complex  which  in  the  case 
of  Co(NH,)tCO(+  has  the  composition  Co(NH*)§- 
CO»H ++,  does  not  have  the  structure  reasonable  for 
this  complex  ion,  but  rather  has  the  proton  on  the 
oxygen  bridging  cobalt  and  carbon 

O +* 

(H,N)tCo  OCO 
H 

Since  new  Co(III)  bonds  are  established  during 
the  release  of  CO,  from  Co(NH,)«CO,+,  it  will  be 
of  interest  to  learn  whether  groups  besides  water 
(e.g.,  Cl-,  SO«“)  can  enter  during  this  rapid  process. 
It  was  this  possibility  that  attracted  interest  to  the 
aquation  of  Co(NH»)iCO,+,  but  could  not  be 
realized  in  this  reaction  since  oxygen  is  left  attached 
to  Co(III). 
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OBSERVATIONS  ON  THE  MECHANISM  OF  ELEC- 
TRON TRANSFER  IN  SOLUTION1 

Sir: 

An  important  problem  in  the  field  of  mechanisms 
of  “electron  transfer”  reactions  is  concerned  with 
the  changes  taking  place  in  the  codrdination  spheres 
of  the  oxidant  and  the  reductant  on  electron  trans- 
fer. This  problem  has  been  but  little  elucidated 
for  reaction  of  cations,  as  for  example  Ti+++  + 
Fe+++  - Ti(IV)  + Fe++  (net  change)  or  Fe*  ++  + 
Fe+++  »*  Fe*+++  ■+•  Fe++  (virtual  change). 
Thus  it  is  not  known  whether  electron  transfer 
takes  place  by  an  electron  jump  through  several 
layers  of  solvent,  or  whether  it  accompanies  the 
transfer  of  a group  such  as  OH  from  oxidant  to  re- 
ductant; or  H from  reductant  to  oxidant.'  Simi- 
larly the  particular  role  played  by  negative  ions 
such  as  Cl-  or  F~  in  catalyzing'- 4-‘  the  reaction  of 
cations  is  not  understood.  The  principal  reason 
for  the  lack  of  a detailed  understanding  is  that  the 
systems  are  generally  very  labile  with  respect  to 
changes  in  the  codrdination  sphere  so  that  inter- 
mediate stages  which  would  supply  evidence  about 
the  nature  of  the  activated  complexes  change  to 
final  products  too  rapidly  for  convenient  observa- 
tion. One  method  of  attack  on  these  problems  is  to 
alter  conditions  so  as  to  slow  up  the  changes; 
another  is  to  exploit  the  ions  which  are  less  labile 
with  respect  to  substitution  under  ordinary  condi- 
tions. 

We  have  followed  the  latter  line  of  attack,  choos- 
ing the  reductant  Cr++  -*■  Cr(lII).  This  system 
has  the  virtue  that  any  group  found  in  the  coordina- 
tion sphere  of  Cr(III)  when  it  is  formed  from  Cr++ 
must  have  been  present  in  the  activated  complex. 
Substitution  reactions  on  Cr(III)  are  sufficiently 
slow  so  that  entry  of  groups  after  completion  of  the 
oxidation  can  be  ruled  out  at  least  for  some  sys- 
tems. (For  Cr(II),  however,  substitutions  are 
rapid*.) 

A significant  result  is  that  when  Cr++  is  oxi- 
dized by  Fe+++  in  perchloric  acid  medium  (1  Af) 
in  a solution  containing  Cl"  (0.05  At),  chloride 
ion  is  found  attached  to  the  product  Cr(III) 
(0.5  mole/mole  Cr(III)  for  these  conditions). 
Hence,  we  can  conclude  that  Cl-Cr  bonds  must 
have  been  established  in  the  activated  complex. 
The  experiments,  however,  do  not  distinguish  the 
activated  complexes  [Cr-Cl-Fe]+4  (implying  Cl 

(t)  ThU  work  vu  rapportad  bp  th*  OfBc*  of  N»v*J  Rtworch  undtr 
Contract  NS-Ori-OSOM. 

(9)  Sm  W.  P.  Libby,  "Syapociatn  on  Blcctroa  Traasfar  ud  loo- 
topic  Reoctiou."  J.  Pkyi.  Cktm.,  M.  SB*  (USD;  dlanuoion  by  R W. 
Dodoo*.  N.  Davidoon,  O.  L.  Pofckbdwr,  pp.  MS,  of  HI. 

(I)  J.  Sttnrau  ud  R.  W Dodoo* , J.  Pkyi  Cktm  , M,  M (IMS) 

(4)  D.  J.  Motor  ud  C S.  Qoraor,  0U„  M,  US  (IMS). 

(•)  H.  C.  Bondi  tad  W.  P.  Libby,  iMd  . M.  SM  (IMS) 


atom  transfer  as  the  act  producing  electron  trans- 
fer) or  [ClCr+-water-Fe+++j  (implying  electron 
transfer  through  the  solvent  facilitated  by  Q~ 
attached  to  Cr++).  A decision  in  favor  of  the 
former  type  of  explanation  is  reached  on  the  basis 
of  experiments  we  have  done  using  as  oxidizing 
agents  complex  ions  which  are  slow  with  respect  to 
substitution.  We  find  that  when  Co(NH*)iCl++ 
is  reduced  by  Cr++  in  1 Af  HC10«,  one  Cl~  appears 
attached  to  chromium  for  each  Cr(III)  which  is 
formed  or  Co(III)  reduced.  Furthermore,  when 
the  reaction  is  carried  out  in  a medium  containing 
radioactive  chloride,  the  mixing  of  the  Cl-  at- 
tached to  Cr(III)  with  that  in  solution  is  found  to 
be  less  than  0.5%.  The  experiment  with  radio- 
active chloride  shows  that  transfer  of  chlorine  from 
the  oxidizing  agent  to  the  reducing  agent  is  direct, 
rather  than  by  release  and  reentry  of  Cl-,  and 
leads  to  the  formulation  of  the  activated  complex  as 
[(NH*)»Co-Cl-Cr]+4  (apart  from  the  participation 

by  solvent  and  its  ions).  Transfer  from  Co(NH*)»- 
Br++  to  Cr(IIl)  is  also  found  to  be  complete. 
In  both  cases  the  net  changes  are  to  form  Cr- 
(H|0)»+++  and  X-  as  final  products,  with,  how- 
ever, CrX++  as  a recognizable  intermediate  stage. 

The  observations  on  relative  rates  are  also  sig- 
nificant. Rates  of  reduction  increase  in  the  order: 
Co(NH*)«+++,  Co(NH»)§HiO+++,  Co(NH,)»Cl++, 
Co(NH,)»Br++.  The  groups  H.O,  Cl-  and  Br~ 
have  available  pairs  of  unshared  electrons  as  points 
of  attack,  the  polarizability  of  the  groups  increasing 
in  the  order  named.  With  Co(NHj)«+++,  a proton 
must  be  removed  to  provide  a pair  of  electrons  as 
point  of  attack  for  Cr++,  or  the  electron  must  be 
transferred  through  the  proton  codrdination  shell. 

We  propose  an  activated  complex  of  the  type 
[(NH»)Co-X-Cr]+4  as  a model  for  processes  in 
which  negative  ions  catalyze  electron  exchange  be- 
tween cations  Experiments  are  in  progress  to 
determine  whether  oxygen  atom  transfer  occurs  in 
the  reaction  of  Cr++  with  Co(NH»)»HtO++t. 
These  have  significance  in  their  relation  to  proc- 
esses involving  activated  complexes  such  as 
[Ti+++.Fe+++]aq.,  [Fe++-Fe+++]aq.,  etc.  We 
recognize  that  an  activated  complex  of  the  type  we 
have  formulated  is  not  always  readily  accessible, 
as  for  example,  when  both  partners  are  inert  to 
substitution  changes.  When  at  least  one  partner  is 
labile,  the  direct  bridge  complex  seems  a likely  path. 

(«)  H.  Tub*,  Cktm.  R tthmt,  M,  M-IOt  (IMS). 
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The  fractional  conversion  of  Co(NH,)»H,0  t"f  + to  Co(NH«)*SO,  * at  equilibrium  is  observed  to  be  almost  independent  of 
the  concentration  of  sulfate  ion  over  a wide  range  above  ca.  0.01  M.  The  behavior  is  understood  if  the  aquo  ion  is  ascumed 
to  be  converted  to  a sulfate  complex  ion  by  outer  sphere  association  at  low  concentration  of  sulfate  ion.  The  interpretation 
is  confirmed  by  observation*  on  the  ultraviolet  absorption  band  of  Co(NHi)iH|0+++  in  the  presence  of  varying  amounts  of 
sulfate  ion.  The  change  from  the  suifato  ion  to  the  "isomeric”  outer  sphere  complex  ion  is  governed  by  the  energy  quantities: 
A H “ —4.0  =fc  0.3  kcal.  mole-1,  A5  * — 13  cal.  deg.'1  mole'1.  The  reactions  are  first  order  in  the  concentration  of  Co(1 1 1). 
An  increase  in  lability  is  observed  with  increase  in  sulfate  ion  concentration.  The  reactions  are  catalysed  by  hydrogen  ion. 
The  activation  energy  for  the  change  of  the  suifato  ion  to  the  aquo  ion  is  10.3  ± 0.6  and  for  the  reverse  change  is  23.7  ± 0.6 
kcal.  mole"*. 


In  considering  the  structure  in  solution  of  a 
complex  ion  the  stoichiometry  of  which  has  been 
established,  the  question  arises  as  to  its  distribu- 
tion between  two  forms,  in  one  of  which  the  addend 
is  directly  attached  to  the  central  ion  occupying  a 
position  in  the  first  sphere  of  coordination,  and 
in  the  other  occupying  a position  outside  the  first 
sphere  of  coordination.  The  latter  type  of  struc- 
ture can  be  expected  to  have  considerable  stability 
when  the  central  ion  has  a high  charge  and  when  the 
addend  is  an  ion  of  high  charge.  The  importance 
of  association  of  this  type  in  water  solution  has  been 
proven  by  the  work  of  Davies,1  Linhard1  and 
Katzenellenbogen*  using  complex  cations  of  the 
type  Co(NH*)»+++.  Replacement  of  NHj  by  the 
anion  does  not  take  place  under  the  conditions 
which  were  chosen  and,  in  fact,  the  observations  on 
the  spectra*  suggest  that  the  first  sphere  of  co- 
ordination is  little  disturbed  in  forming  the  outer 
sphere  complex  ions.  It  is  evident  that  inert  com- 
plex ions  are  extremely  useful  in  defining  the  type 
of  association  under  study,  owing  to  the  great 
difference  in  the  speed  at  which  association  in  the 
inner  sphere  and  outer  spheres  takes  place.  For 
labile  complex  ions  the  distinction  between  the  two 
types  is  much  more  difficult  to  make  because  the 
two  forms  are  not  readily  separately  characterized. 

We  have  made  use  of  an  inert  complex  ion  system 
also  in  our  study.  Substitution  of  water  by  water 
or  other  groups  in  Co(NH«)»H|0+++  takes  place 
very  slowly.4  Our  data  with  this  cation  and  with 
SO«”  as  an  anion  provide  a dramatic  demonstration 
of  the  presence  in  the  solution  of  outer  sphere 
complex  ions,  and  furthermore,  since  HiO  and  SO«“ 
are  eventually  exchanged,  have  made  possible  a 
comparison  of  the  stabilities  of  inner  sphere  and 
outer  sphere  "isomeric”  forms.  The  desirability 
of  a more  complete  study  of  this  system  was  in- 
dicated by  work  done  on  the  water  exchange  re- 
action.4 The  experiments  we  are  reporting  supple- 
ment those  described  by  Adell.'  His  study  was 
limited  to  the  range  of  dilute  solutions  ((SO,“) 
~ 10~*  or  leas)  and  therefore  did  not  expose  some 
of  the  interesting  phenomena  we  have  observed. 

(I)  C W.  Davit*,  /.  Obi*.  Jot.,  8431  (lMl). 

(3)  M.  Uahard.  Z.  BltUnclum.,  SS,  **4  (ISM). 

(I)  K.  R.  KataaMOaaboBM,  Papar  MB,  tt.  DtvMo*  of  Physical  tad 
Iaarsaak  CfwaSttiy.  Aawrkan  CRiailcal  BocMgr  Maadna.  Hvptvaibar, 

ISM. 

(4)  A.  C.  Ratvabwf  and  H.  Taabc,  J.  Cktm.  Phyi  . SS.  331  lluM), 

(5)  B.  Advil,  P.  «tor|.  ttttrm  ('hem.,  SM,  30.1 


Experimental 

The  procedure  was  to  follow  the  extinction  of  a solution 
containing  initially  the  km  CofNH«)*SO«+  or  Co(NHaV- 
HiO*+*  to  an  environment  of  known  composition  as  a func- 
tion of  time.  In  all  cases  equilibrium  was  approached  from 
both  aides,  and  in  every  case  the  final  values  of  the  extinc- 
tion agreed  to  within  1%.  For  numerous  solutions  the 
rate  was  followed  ss  a function  of  time  starting  for  a given 
environment  both  with  the  suifato  and  the  aquo  last.  In 
every  earn  tested  the  specific  rates  k (defined  as  below), 
forward  and  reverse,  agreed  to  within  3%  if  Only  total  sul- 
fate were  present  in  sufficient  excess.  The  values  of  the 
initial  optical  denahks  for  the  suifato  and  aquo  forma,  and 
of  the  final  optical  density  make  possible  the  calculation  of 
the  equilibrium  quotient,  and  these  data,  together  with  the 
specific  rate  for  approach  to  equilibrium,  lead  to  the  specific 
rate  of  aquotteation  and  suifato  formation  for  each  solution. 
The  optical  densities  were  measured  using  a Bachman  spec- 
trophotometer. The  wave  length  660  m*>  at  which  the  ex- 
tinction* were  measured  Uee  on  the  long  wave  length  aide 
of  a band  with  a maximum  at  615  m«i  for  the  suifato  and  496 
for  the  aquo  km.  The  two  maxima  in  the  visible  for  the 
ions  are  not  sufficiently  well  separated  to  make  them  useful 
in  analysing  the  solution.  While  the  strong  ultraviolet 
band  does  differ  markedly  for  the  two  substances,  tight  of 
longer  wave  length  was  preferred  since  it  permitted  the  use 
of  Cores  cells.  The  extinctions  of  Co(NH»VHiO+++  and 
Co(  NHiVSO,  + at  X 660  m#t  are  changed  somewhat  (cf. 
Table  I)  as  the  environment  changes,  but  only  slightly  as 
compared  to  the  ultraviolet  band.  It  eras  shown  that  the 
cobalt  cations  obey  Beer’s  law  in  the  solutions  studied 
within  experimental  error.  The  extinctions  change  slightly 
with  temperature — for  example,  there  is  an  increase  of  ca. 
3%  in  the  extinction  of  the  suifato  ion  in  0.06  M Na*SO, 
as  temperature  rises  from  26  to  31* — hence  for  a series  all 
extinction  measurements  were  made  at  constant  (del*) 
temperature.  In  studying  the  variation  of  equilibrium  con- 
stant with  temperature  the  solutions  which  had  been  stored 
at  different  temperatures  were  all  brought  to  the  same  tem- 
perature for  comparison  of  optical  densities.  No  signifi- 
cant readjustment  in  the  inner  sphere  of  coordination  took 
place  during  the  temperature  change. 

The  substance  [Co(NHi)*80()HS0«-2Hi0  was  the  source 
of  the  suifato  ion.  It  was  prepared  as  described  by  Jorgen- 
sen.4 The  content  of  Co  and  SO,  were  found  to  be  15.80% 
(theoretical,  16.79)  and  61.42%  (theoretical,  61.47).  Co- 
( NHiVHiOfCIO,),  eras  prepared  as  described  elsewhere,4 
and  served  as  the  source  of  the  aquo  km.  The  agreement  of 
final  optical  densities  starting  with  both  salts  shows  that  the 
aquo  salt  was  a sufficiently  good  preparation.  Other  re- 
agents were  of  A.  R.  quality,  used  without  further  purifica- 
tion. Solutions  were  made  up  using  redistilled  nrater. 

Conditions  and  Definitions. — In  all  experiment*  except 
expt.  11,  Table  I,  the  concentration  of  sulfate  was  in  excesa 
of  the  concentration  of  the  complex  km  by  a factor  of  8 or 
greater.  Over  the  greater  put  of  the  range  investigated, 
the  specific  rate  as  well  as  the  equilibrium  distribution  is 
not  very  sensitive  to  the  concentration  of  SO,*,  and  toe 
Initial  recorded  values  which  differ  at  most  by  7 or  8% 
from  the  equilibrium  values,  serve  as  sufficiently  goad  de- 
ls) n.  M.  Jorstawa,  J *v*M  Ckm,  f3|  II,  SM  (IMS). 
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Tails  I 

Data  oh  EquxuBanm  Distxibution  and  Rati  as  Function  op  Sulpati  Concbmtbation 
Temperature  31.1  ± 0.02*,  except  in  expt.  8;  80*"  u NatdO*  except  In  expts.  8 And  6 


No. 

*tSO,-J 

*!■♦] 

* X 10* 

D* 

D 

a* 

Qt 

*A  X 10* 

As  X 10* 

1 

2.90 

0.80 

11.3 

0.401 

0.328 

0.213 

1.42 

6.6 

4.7 

2 

1.16 

.11 

8.3 

.498 

.839 

.214 

1.26 

4.6 

3.7 

3 

0.67 

.060 

6.8 

.601 

.846 

.213 

1.18 

3.7 

3.1 

4 

.166 

.016 

4.8 

.499 

.346 

.214 

1.17 

2.6 

2.2 

6 

.186* 

.016 

4.3 

.499 

.347 

.214 

1.14 

2.3 

2.0 

6 

.186* 

.018 

6.2 

.602 

.348 

.218 

1.16 

2.8 

2.4 

7 

.062 

.010 

4.1 

.606 

.362 

.214 

1.12 

2.2 

1.9 

8* 

.062 

• .010 

17.0 

.606 

.871 

.214 

0.86 

7.9 

9.1 

9 

.021 

.010 

8.4 

.608 

.346 

.217 

1.28 

1.9 

1.6 

10 

.0140 

.010 

2.8 

.610 

.341 

.217 

1.36 

1.7 

1.2 

11* 

.00216 

.0061 

.612 

.321 

.221 

1.91 

K.SQ.. 

»MgSO„  • 

Temperature  43.8*.  * (RSO.HSO,)  - 

0.00108  M; 

(HCIO.) 

- 0.005  if. 

No  other  electrolyte. 

scxiptious  of  the  sulfate  concentration  prevail  ing.  Except 
where  otherwise  recorded,  sulfate  was  introduced  as  NssSO*. 

2(90,”)  refers  to  total  S0,“  present,  whether  comp  lex  ed 
or  not  (and  differs  but  slightly  from  uncomplexed  sul- 
fate as  noted  above) 

2[H+]  represents  concentration  of  H+  present  in  all  forms 

R represents  the  radical  Co(NH,)» 

[A)  repm-nts  the  total  concentration  of  species  contain- 
ing RH«0  + ■f+ 

[S^represents  the  total  concentration  of  species  containing 

W,  2V  and  Dm  represent  the  optical  densities  (log 
It/ 1)  of  solutions  contamiog  8 initially,  A initially  and  the 
equilibrium  mixture,  respectively.  For  all  solutions,  ed  “ 
0.0180  cm.  mole  I. 

* is  the  specific  rate  of  change  as  measured  in  a plot  of 
log  I 0,  - Z>„  | rtrnu  I.  It  is  equal  to  the  sum  8*  + 
8s  where  these  specific  rates  refer  to  the  processes 


Qt  represents  the  ratio  [A] /[SI  at  equilibrium  and  is 
equal  to  kjjkt. 

Specific  rates  are  expressed  with  time  in  minutes. 


Big.  1.— The  variation  of  optical  density  with  time 
medium,  2(80.')  - 2.90  if,  X(H+].  0.3  Jf.  Upper  curve, 
sulfate  salt  approaching  equilibrium;  lower  curve,  roseo  salt. 
D seme  for  both. 


Results 

In  Fig.  1 are  presented  typical  data  on  the  change  of  opti- 
cal density  with  time,  starting  in  one  experiment  with  the 
aquo  salt  and  in  another  with  the  sulfato  salt. 

Table  I contains  a summary  of  results  obtained  at  rela- 
tively low  acidity  with  [SO,-]  as  the  principal  concentration 
variable.  Acid  was  present  in  nil  solutions  to  (oppress  the 
add  dissociation  of  kBsO***.  The  results  repotted  farter 
show  that  (H*)  (or  (HSO,-))  is  not  an  important  variable 
at  the  levels  used  in  the  series  in  Table  I. 

Table  II  is  a summary  of  the  data  obtained  on  the  varia- 
tion of  Q.  with  temperature.  The  data  are  shown  plotted 

Tabl*  II 


Vakiation  or  EQuruBumr  Constant  with  TmnwxATTJKB 


Msdhus 

XISO.-I  ZH* 

M.e* 

«r 

2.90 

0.30 

1.67 

1.42 

1.11 

0.062 

.010 

1.28 

1.12 

0.88 

0.021 

.010 

1.44 

1.27 

1.01 

in  Fig.  2 to  yield  values  of  A H in  facal./mole  which  are  as 
follows  for  tbs  change:  S -*  A. 

-4.1  ± 0A  at  2.8  Jf  90,- 
-4  0 ± 08  at  0.062  Jf  SO.* 

-3.6  ± 08  at  0.021  Jf  SOT 

Table  III  presents  date  obtained  for  solutions  containing 
also  sodium  perchlorate.  Table  IV  for  solutions  with  vary- 
ing amounts  of  NaHSO,  end  Table  V for  solutions  with 
varying  amounts  of  NsHSQi  and  HdXV  In  Table  VI 
some  data  dealing  with  the  changes  in  extinction  for  the 
ultraviolet  band  of  RHiO as  SO,”  is  added,  are  pre- 
sented. The  study  of  the  spectra  in  solutions  of  various 
compositions  is  Itself  a major  undertaking  and  more  com- 
plete data  for  this  and  related  systems  will  be  presented  in 
a future  publication. 

Diacttaako 

The  most  interesting  feature  of  the  equilibrium 
data  is  that  the  ratio  Qt  is  almost  independent  of 
(SO*-)  over  a wide  concentration  range,  extending 
from  0.02  to  2.6  M.  It  is  further  remarkable  that 
this  ratio  instead  of  diminishing  at  high  (SO«“), 
in  fact  shows  a alight  increase  in  this  concentration 
region.  These  observations  suggest  that  the  prin- 
cipal equilibrium  operating  over  the  range  studied  is 

RSQ,*  + H|0  — 1 RHiO+++-80,"  (I) 

If  ion  pair  formation  is  essentially  complete  even 
at  0.02  M SO«“  the  change  S to  A involves  species 
of  the  same  stoichiometir  with  respect  to  Co(III) 
and  SO*-  and  hence  also  of  the  sun  charge. 
Therefore  the  effects  of  salts,  indnding  SO*”, 
is  expected  to  be  relatively  slight.  * In  the  region  of 
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Tails  III 

Tks  Invlusmcb  or  Neutral  Blsctsoltts 


No. 

zfsorl 

Z|H*| 

(NoClOO 

Temperature  31.1* 
* x 10*  OF 

0» 

*A  X 10* 

MX  19* 

1 

0.021 

0.010 

0.03 

1.92 

0.816 

0.225 

4.40 

1.87 

0.888 

r 

.084 

.010 

.71 

2.86 

.611 

.223 

2.18 

1.74 

0.82 

3 

.156 

.010 

.84 

4.38 

.606 

.218 

1.28 

2.46 

1.02 

4 

.054 

.010 

2.00 

2.04 

.824 

.236 

2.68 

1.40 

0.864 

8 

.186 

.010 

1.70 

2.68 

.807 

.218 

1.20 

1.86 

1.12 

1 The  series  was  planned  at  constant  * but  insufficient  NaCIO,  was  Inadvertently  added  in  this  experiment. 

TablsIV 

Thb  Influsncb  or  Bhulsatb  Ion 


No. 

(NoaSOO 

(NoBSCV) 

(NoCIOt) 

Temperature  81.1* 
k X 10*  OF 

D+ 

O, 

kA  X 10* 

is  X 10* 

1 

0.054 

0.10 

0.60 

8.61 

0.806 

0.215 

1.47 

2.1 

1.8 

2 

.054 

.30 

.40 

4.62 

.600 

.216 

1.85 

2.6 

2.0 

3 

.064 

.70 

.00 

6.34 

.400 

.214 

1.44 

8.7 

2.6 

4 

.r>4 

.10 

1.40 

6.26 

.803 

.224 

1.07 

2.7 

2.8 

5 

.64 

.40 

1.10 

5.88 

.600 

.210 

.1.13 

8.8 

2.6 

6 

.54 

1.60 

0.00 

0.02 

.500 

.214 

1.42 

6.4 

3.6 

Tails  V 

zero  ionic 

strength 

and  25° 

. The  conclusion  is 

Rats  and  Equilibrium  Data  for  Solutions  Containing 
NaHSO,  and  H»SO, 

Temperature  31.1* 


No. 

Asoi) 

(Ht- 

SO.) 

k x 

10* 

rw 

0. 

kA  X 
10 

k#X 

10* 

1 

0.00 

3.00 

16.1 

0.488 

2.87 

11.9 

4.2 

2 

1.00 

2 00 

12.5 

.496 

2.14 

8.5 

4.0 

3 

3.00 

0.00 

10.2 

.496 

1.61 

6.3 

8.9 

4 

0.00 

6.00 

27.6 

.488 

2.26 

19.1 

8.4 

5 

3.00 

3.00 

21.0 

.488 

1.94 

18.9 

7.1 

6 

8.00 

1.00 

18.5 

.490 

1.69 

11.6 

6.9 

7 

0.00 

9.00 

36.0 

.400 

1.40 

21. 

18. 

law 

6.000 

oooea 

-to’flar- 

0.04  It 

0.1010 

270 

18 

26 

34 

42 

44 

260 

31 

78 

80 

112 

118 

280 

143 

287 

288 

838 

360 

848 

336 

80S 

838 

613 

680 

240 

782 

990 

1010 

1120 

1180 

235 

1620 

1910 

1940 

directly  proven  by  the  data  in  Table  VI  on  the 
ultraviolet  extinctions  of  RH*0+++  in  the  presence 
of  varying  concentrations  of  SO«“.  Marked 
changes  in  the  extinction  are  observed  in  the  ultra- 
violet band,  with  the  extinctions  at  240  and  235 
ni/i  approaching  saturation  values  when  (SO,") 
is  only  6 X 10~*  M.  More  complete  data  will 
be  required  to  obtain  values  of  equilibrium  com- 


Tabu  VI 

Tn  Ultra violbt  Extinction  Cowman  is  or  Co- 
(NH«)»HtO+++  at  Various  CoNcswraATiotn  or  Sulvatb 
Ion 

Temperature 27  ± 1*;  « «■  1/cd log  It/lia  1.  mole  “•cm.”*; 
(RHiO(C1Oi)0  - 8.0  X (HOOk)  - 0.01  M 


low  sulfate  ion  concentration  the  equilibrium 

RH«0++*  + SO,-  RH/)+++  SO,-  (II) 

presumably  becomes  important  and  RH*0+++ 
as  well  as  RH|0+++-SO,“  contributes  to  [A], 
At  hub  concentration  of  SO,”,  will  be  altered  by 
salt  effects  on  equilibrium  (I)  or  by  further  associa- 
tion of  sulfate  with  the  complex  ions.  However, 
the  affinities  of  RH|0+++-S0,-  and  RSO,+  for 
sulfate  ion  appear  to  be  about  the  same,  since 
Qt  changes  only  slightly  even  at  high  sulfate  con- 
centration. 

The  conclusion  that  RH|0+++  and  90c  are 
strongly  associated  is  supported  by  Davies’  cal- 
culations1 for  the  similar  system  Co(NH«),+++ 
and  SO,”  which  yielded  3.3  X 10*  as  the  equi- 
librium. constant  for  the  association  reaction  at 


Fig.  8.— The  variation  of  Q»  with  tsmperstuu.  Curves 
am  la  order  for  ISO,  (Mil  end  0.061  if,  Xf8CV]  readinc 
from  top  to  bottom. 
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stants,  particularly  because  successive  stages  of 
association  apparently  must  be  taken  into  account. 
This  18  evidenced  by  the  observation  that  the 
°*  approach  to  saturation  extinction  values  is 
different  at  different  wave  lengths. 

If  the  assumption  is  made  that  the  ratio 
(RHiO + + +-S04“)/(RS04  +)  remains  constant  be- 
low 0.05  Af  SOD  and  is  measured  by  the  ratio 
ft  at  this  sulfate  ion  concentration,  the  value 
™ A11  for  expt.  11  is  calculated  as  1.1  X 10*. 
When  corrected  for  the  difference  itt  n,  this  value 
will  be  close  to  that  reported  by  Davies  for  Co- 
( N H|)« + + + and  SO*-. 

The  measured  heats  of  reaction  on  the  inter- 
pretation suggested  apply  to  reaction  I.  It  should 
be  noted  that  the  change  is  exothermic.  It  is 
interesting  that  the  heat  of  transfer  of  S04“  from 
inner  sphere  to  outer  sphere  does  not  change 
appreciably  as  (SOD  changes  from  0.05  to  2.ti 
Af.  The  decrease  in  |A//|  at.  lower  (SOD  can  be 
attributed  to  participation  by  equilibrium  (II). 
Using  the  observed  values  of  equilibrium  constant 
and  LH  at  0.05  M SOD  A5  at  this  concentration 
of  sulfate  is  calculated  as  —13  e.u.  An  entropy 
decrease  can  be  expected  since  ions  of  opposite 
charge  are  separated  in  transferring  S04“  from 
inner  sphere  to  outer  sphere,  thus  increasing  the 
interaction  with  the  solvent. 

The  effect  of  NaC10<  on  the  equilibrium  (A)/(S) 
is  presumably  largely  in  increasing  the  concentra- 
tion of  RHjO+++  relative  to  RH|0+++-SO«- 
+ RSOD  There  may  also  be  an  effect  on  the 
ratio  (RHfO+++-SOD/(RS04+),  but  this  is  im- 
possible to  decide  from  the  data.  Assuming  that 
the  ratio  is  unaltered  by  NaC104  and  is  given  by 
the  value  of  Qt  at  0.05  Af  SOD  the  quotient  K\\ 
for  expt.  I,  Table  III  is  calculated  as  16,  and  for 
expt.  2 of  the  same  table,  at  somewhat  lower  ionic 
strength  as  20.  The  large  change  in  Km  from  the 
conditions  of  expt.  11  to  those  obtaining  in  the 
experiments  of  Table  III,  is  in  line  with  the  large 
value  of  Ax’  for  reaction  (II). 

The  data  of  Table  IV  suggest  that  salts  do  affect 
the  ratio  (RHiO+++SOD/(RS04+).  While  in 
dUute  solution  (expts.  1,  2,  3,  Table  IV)  NaC104 
and  NaHS04  influence  Qt  in  approximately  the 
same  way,  in  more  concentrated  solution  (expts. 
4,  5,  6)  replacing  NaC104  by  NaHS04  enhances  the 
ratio.  For  concentrated  electrolyte  solutions 
effects  due  to  changes  in  the  activity  of  water  must 
become  important.  The  decrease  in  Qt  as  the 
concentration  of  sulfuric  acid  is  increased  is  attribu- 
table, in  part  at  least,  to  this  cause. 

Over  the  composition  range  investigated,  which 
includes  variation  of  the  initial  concentration  of 
Co(III)  from  0.0150  to  0.00150  as  well  as  the 
variation  in  concentrations  of  other  ions,  the  re- 
actions are  first  order  in  (Co(III)).  Using  solu- 
tions at  lower  (SOD  than  we  have  in  our  rate 
study,  Adell*  observed  k\  to  be  independent  of 
S04“,  and  kg  to  be  given  by  an  expression  of  the 
form  k*  f(SOD  (RH|0+++),  where  f is  a function 
taking  account  of  interionic  attraction  effects. 
For  the  conditions  we  have  adopted,  RH*0+++ 
is  almost  completely  associated  with  SOd  so  that 
the  net  change  (except  for  further  association  of 


Co(III)  and  SOD  is  represented  in  equation  (I). 
The  data  of  Table  I exhibit  the  interesting  feature 
that  k\  anil  k$  are  about  equally  affected  by  the 
concentration  of  sulfate  ion  for  solutions  in  which 
Co(III)  can  be  presumed  to  be  almost  completely 
associated  with  SOD  The  catalytic  effect  of 
sulfate  ion  is  best  demonstrated  by  observing  its 
effect  on  k\  for  solutions  at  constant  ionic  strength. 
Comparison  of  expts.  1,  2 and  3 of  Table  III  shows 
that  S04“  increases  the  rate  of  removal  of  S04“ 
from  the  inner  coordination  sphere.  Catalysis  by 
anions  of  substitution  reactions  in  complex  ions 
has  been  observed  in  other  cases.7-® 

The  two  series  of  experiments  in  Table  IV  show 
the  influence  of  H + in  increasing  the  lability  of  the 
system.  The  effect  is  attributable  specifically  to 
H + rather  than  HS04-,  since  it  decreases  as 
(SOD  increases.  The  specific  effect  of  H+  is  not 
great  (and  is  not  exjiected  to  be  great  since  the 
H+  has  only  a slight  affinity  for  S04“),  and  did  not 
appear  over  the  variation  in  (H+)  executed  by 
Adell®  in  dilute  electrolyte  solution.  The  differ- 
ences in  lability  observed  for  solutions  containing 
K+,  Na+  and  Mg++  are  probably  significant,  and 
indicate  increasing  interaction  between  cation 
and  S04“  in  the  order  presented.  The  results  in 
very  acidic  solution  show  general  trends  which  are 
consistent  with  the  ideas  presented.  It  may  be 
noted  in  addition,  that  the  relatively  slight  increase 
in  k\  from  0.0  M HjS04  to  9.0  M H,S04  is  attribut- 
able to  the  decrease  in  activity  of  the  water. 

Comparison  of  the  specific  rates  at  the  two 
temperatures  leads  to  values  of  E and  Q at  0.05 
Af  S04“  corresponding  to  k\  and  ks  of  19.3  ± 0.5 
and  23.7  ± 0.5  kcal./mole,  and  1010  and  10'*  * 
1.  mole-1  min.-'.  The  change  from  RHjO+++- 
S04"  to  RSOD  has  a normal  frequency  factor  and 
the  over-all  entropy  change  must  appear  in  the 
entropy  of  activation  for  the  reverse  change.  This 
implies  that  the  charge  separation  in  the  activated 
state  is  closer  to  that  in  RHjO+++  S04”  than  it  is 
in  RS04+.  This  in  turn  is  more  in  line  with  an 
activated  state  of  coordination  number  5 rather 
than  with  one  of  7.® 

An  original  purpose  in  undertaking  the  kinetic 
investigation  of  the  present  system  was  to  attempt 
to  distinguish  SN 1 and  Sn2  mechanisms  on  the  basis 
that  at  high  SOD  a limiting  rate  would  be  ex- 
pected (governed  by  the  rate  of  formation  of  a 
presumed  intermediate,  such  as  Co(NHi)»+++  for 
the  SnI  mechanism,  whereas  on  the  Sn2  mech- 
anism, such  a limiting  rate  would  not  be  expected. 
The  effort  to  make  such  a distinction  on  kinetic 
evidence  is  vitiated  however  by  the  association  of 
RHtO+++  and  S04”  which,  in  effect,  changes 
the  nature  of  the  reactants.  However,  in  view 
of  the  demonstrated  effect  of  S04“  in  increasing 
lability  of  the  system,  the  observation  that  the 
rate  of  water  exchange  is  diminished  when  it  occurs 
in  the  presence  of  the  net  change  to  RSOD  becomes 
stronger  evidence  for  an  important  contribution  by 
the  SnI  mechanism.4 

Various  comparisons  which  can  be  made  makes  it 
seem  likely  that  the  observations  recorded  here  on 

<7)  F J.  Garrick,  Trtnt  Fattday  Sat.,  N,  1048  (IMA). 

(4)  R.  A.  Plane  and  H.  Taubc,  J.  Fhys.  (.’Arm,,  44,  88  (IMS). 
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the  equilibrium  between  inner  sphere  and  outer 
sphere  complex  ions  will  find  their  counterpart  in 
labile  systems  of  the  same  charge  type,  as  for 
example  Fe+++-SO«“  and  Ce+++-SO<“.  In  gen- 
eral the  equilibrium  behavior  of  Co(NHj)»HiO++  + 
in  association  reactions  with  anions  is  very  nearly 
the  same  as  for  other  tripositive  ions  forming  1 : 1 
complexes.  Thus,  the  equilibrium  constant  for 
association  with  Cl~  at  25°  and  pi  « 0.05  is  4.1* 
and  the  association  reaction  is  slightly  endothermic. 
This  behavior  is  in  striking  similarity  to  that  of 
Fe+++-Cl-.10  Furthermore,  for  Co(NH,)»+++  the 
affinities  decrease  in  order  from  Cl"  to  I ",  as  they 
do  for  Fe+++.  The  association  constant  observed11 
for  La+++  and  SO,”  at  m = 100  and  25°  is  25  and 
for  Ce+++  and  SO<“  under  the  same  conditions  is 

(«)  F.  J Garrick.  Tram  Faraday  Soc..  U.  480  <1037). 

(10)  K.  Rabinowitch  and  W.  H.  Stockmaycr,  THIS  Jou*nal,  64, 
335  (1042). 

fit)  K.  L.  Mattern.  Theais,  University  of  California,  Berkeley, 
1051. 


17.5. 11  In  the  present  system  in  the  same  salt 
environment  (but  at  31.1°)  the  constant  for  asso- 
ciation involving  outer  sphere  complexes  is  only  16, 
and  if  the  inner  sphere  complexes  are  included,  the 
constant  would  be  roughly  doubled.  These  simi- 
larities strengthen  the  view  that  for  the  labile  sys- 
tems consisting  of  SO<"  and  tripositive  ion,  the  ra- 
tio of  concentrations  of  inner  and  outer  sphere 
forms  will  also  be  of  the  order  of  magnitude  of 
unity. 
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